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Abstract
In Latin America, the cultivation of Arabica coffee (Coffea arabica) plays a critical role in rural livelihoods, biodiversity
conservation, and sustainable development. Over the last 20 years, coffee farms and landscapes across the region have undergone
rapid and profound biophysical changes in response to low coffee prices, changing climatic conditions, severe plant pathogen
outbreaks, and other drivers. Although these biophysical transformations are pervasive and affect millions of rural livelihoods,
there is limited information on the types, location, and extent of landscape changes and their socioeconomic and ecological
consequences. Here we review the state of knowledge on the ongoing biophysical changes in coffee-growing regions, explore the
potential socioeconomic and ecological impacts of these changes, and highlight key research gaps.We identify seven major land-
use trends which are affecting the sustainability of coffee-growing regions across Latin America in different ways. These trends
include (1) the widespread shift to disease-resistant cultivars, (2) the conventional intensification of coffee management with
greater planting densities, greater use of agrochemicals and less shade, (3) the conversion of coffee to other agricultural land uses,
(4) the introduction of Robusta coffee (Coffea canephora) into areas not previously cultivated with coffee, (5) the expansion of
coffee into forested areas, (6) the urbanization of coffee landscapes, and (7) the increase in the area of coffee produced under
voluntary sustainability standards. Our review highlights the incomplete and scattered information on the drivers, patterns, and
outcomes of biophysical changes in coffee landscapes, and lays out a detailed research agenda to address these research gaps and
elucidate the effects of different landscape trajectories on rural livelihoods, biodiversity conservation, and other aspects of
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sustainable development. A better understanding of the drivers, patterns, and consequences of changes in coffee landscapes is
vital for informing the design of policies, programs, and incentives for sustainable coffee production.
Keywords Agroforestry systems . Certification . Coffea arabica . Coffea canephora . Coffee leaf rust . Deforestation .
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quences of ongoing landscape changes
2.3. A research agenda for understanding the drivers,
patterns, and potential outcomes of land-use







Coffee cultivation plays a vital economic, social, cultural, and
environmental role in Latin America and shapes rural land-
scapes and livelihoods across the region. Latin America is a
key region for coffee production, accounting for roughly 60%
of the world’s coffee supply and 80% of the world’s Arabica
coffee (Coffea arabica; ITC 2011). Millions of farmers, agri-
cultural laborers, and other workers across the region depend
on coffee production, purchasing, and processing for their
livelihoods (Canet Brenes et al. 2016; CABI 2018). Coffee
has consistently played an integral role in the region’s econo-
my, and coffee exports continue to be an important source of
income generation, though the overall contribution of coffee
to national GDPs has declined in recent decades (CABI 2018).
Since many of Latin America’s coffee-growing areas overlap
with biodiversity hotspots (Jha et al. 2014), coffee cultivation
practices (e.g., the type and use of shade trees, agrochemical
use, soil conservation practices) can have variable and signif-
icant impacts on biodiversity conservation and the supply of
ecosystem services, including carbon sequestration and water
provision (Perfecto et al. 1996; Somarriba et al. 2004). The
coffee sector therefore plays a critical role in efforts to im-
prove farmer livelihoods, enhance biodiversity conservation,
tackle climate change, and achieve sustainable development
across Latin America.
In the coffee-growing regions of Mexico, Central America,
and the Andean countries (referred to hereafter as “northern and
Andean Latin America”), coffee production has historically in-
volved the planting of Arabica coffee, a high-quality coffee that
is grown in higher, cooler elevations. The majority of coffee
farmers across this region are smallholders who cultivate small
coffee plots (typically < 5 ha and often <2 ha), often in combi-
nation with annual crops (e.g., maize, beans), fruit and timber
trees, small-scale livestock production, or small areas of forest
(Méndez et al. 2010; Bacon et al. 2017; Harvey et al. 2017;
Panhuysen and Pierrot 2020). Consequently, coffee landscapes
are typically diverse landscape mosaics composed of coffee
fields interspersed with other land uses. Arabica coffee is grown
under a wide range of management types from traditional rustic
systems where coffee bushes are planted under heavily thinned
natural forest and few inputs are used, to specialized shade sys-
tems where shade trees and inputs are carefully managed, to
intensive systems with high densities of coffee bushes, little or
no shade, and heavy use of agrochemical inputs (Moguel and
Toledo 1999; Perfecto et al. 2019). Depending on the type, di-
versity, and density of their shade canopy, coffee agroforestry
systems can provide fruit, firewood, timber, and other goods to
farmers (Rice 2008); serve as critical habitat, resources, and land-
scape connectivity for biodiversity conservation (Perfecto et al.
1996;Moguel and Toledo 1999; Somarriba et al. 2004; Valencia
et al. 2016); store significant carbon stocks and thereby contrib-
ute to climate mitigation (e.g., Haggar et al. 2013; Vaast et al.
2016); enhance the resiliency of agricultural landscapes and help
farmers adapt to climate change (Eakin et al. 2014; Harvey et al.
2017) and provide valuable ecosystem services (such as water
provision, soil conservation, pollination, habitat for biodiversity,
fruit and firewood provision) that underpin rural livelihoods (Jha
et al. 2011; Cerda et al. 2017).
Coffee production across northern andAndean Latin America
has historically gone through periods of expansion and contrac-
tion in response to market supply and demand, climatic events,
pest and disease outbreaks, and volatile coffee prices (Flores et al.
2002; Blackman et al. 2007). For example, in the 1970s and
1980s, the combination of neoliberal policies, growing global
demand for coffee, and the need to prevent the spread of coffee
leaf rust (Hemileia vastatrix) led to the rapid intensification of
coffee landscapes, withmany shaded coffee farms being convert-
ed to low-shade or open-sun systems with high agrochemical
inputs and densely planted coffee bushes (Perfecto et al. 1996,
2019; Rice 1999). However, for the last two decades, the bio-
physical changes in coffee-growing landscapes have been partic-
ularly pronounced and rapid. The widespread changes in coffee-
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growing regions reflect a combination of interacting stressors and
shocks. Global coffee prices are volatile but have followed a
continued downward trend since 2016 (ICO 2019). In
September 2018, coffee prices were the lowest in 12 years
(Amico et al. 2020). The prolonged period of low prices, coupled
with rising labor and input costs, threatens the viability of coffee
farming in the region (CABI 2018; ICO 2019; Panhuysen and
Pierrot 2020). The COVID-19 pandemic is placing additional
stress on coffee production, as sanitary measures implemented
in response to the pandemic are affecting the costs of production,
reducing the availability and cross-border movement of workers
who harvest coffee, and disrupting field visits by extension ser-
vices (Aquino 2020; Guido et al. 2020; Panhuysen and Pierrot
2020). At the same time, the coffee sector is facing significant
challenges from climate change, as rising temperatures, changing
precipitation patterns, and more frequent and intense extreme
weather events (e.g., severe droughts, hurricanes, and flooding)
reduce yields and quality, increase pest and disease outbreaks,
and change the suitability of areas for coffee growing (Bunn et al.
2015; Läderach et al. 2017; Harvey et al. 2018). Climate change
is expected to significantly reduce the area available for coffee
production in Latin America in the future unless adaptation mea-
sures are put in place (Bunn et al. 2015; Läderach et al. 2017).
The region’s coffee production has also been profoundly af-
fected by severe outbreaks of coffee leaf rust (a disease caused by
theHemileia vastatrix fungus)which results in heavy yield losses
(Avelino et al. 2015; Avelino and Anzueto 2020). Leaf rust
outbreaks have swept across northern and Andean Latin
America, moving from Colombia (2008 to 2011), to Central
America and Mexico (2012 onwards) to Peru and Ecuador in
2013. In Central America alone, coffee leaf rust reduced yields
by 10–55% with regard to pre-rust levels (Amico et al. 2020)
corresponding to an estimated 515 million USD in losses (ICO
2014), led to widespread food insecurity and malnutrition of
smallholder coffee farmers and laborers (Avelino and Anzueto
2020), caused massive unemployment, and significantly in-
creased migration to North America (Dupre 2018). Although
coffee production started to recover from 2014 onwards due to
the implementation of expensive management measures (such as
coffee plant renovation and increased use of fungicides), the
disease continues to hamper production in the region (Avelino
and Anzueto 2020).
The confluence of low prices, unfavorable climatic condition,
coffee leaf rust, increasing production costs, and other stresses
has led to profound and unprecedented biophysical changes to
coffee farms and landscapes across northern and Andean Latin
America, transforming how and where coffee is grown
(Figure 1). In some coffee-growing areas, coffee fields have been
abandoned and replaced by pastures, other agricultural crops, or
other land uses (e.g., Haggar et al. 2013; Babin 2020), changing
the composition and spatial configuration of coffee landscapes.
In other regions, coffee is expanding into new areas, sometimes
leading to deforestation (e.g., Blackman et al. 2005). Hundreds of
thousands of hectares of coffee are also being renovated with
high-yielding coffee varieties that are resistant to coffee leaf rust,
and/or being put under intensified conventional management
practices (including a reduction in shade tree cover and greater
use of agrochemicals), leading to changes in both coffee produc-
tivity and the structure and composition of coffee landscapes. In
other landscapes, there is an expansion in the area of coffee
produced following voluntary sustainability standards that re-
ward, among other measures, the maintenance or increase of
shade density and diversity, forest conservation, soil conserva-
tion, and responsible use of pesticides and other agrochemicals
(Milder et al. 2014; Lernoud et al. 2018). While some of these
changes in coffee farms and landscapes have been documented
previously in specific regions (e.g., Guhl 2008; Jha et al. 2014;
Hite et al. 2017), there is very little comprehensive information
on the extent, magnitude, dynamics, and consequences of land-
scape change across the Latin American region. The limited
information on the ongoing transformation of coffee landscapes
is concerning given the pervasiveness of biophysical changes
and their potential to significantly affect the socioeconomic and
ecological sustainability of coffee landscapes and livelihoods.
The objective of this paper is to synthesize biophysical
changes in coffee farms and landscapes across northern and
Andean Latin America, explore potential consequences of
these changes, and identify key research needs for better un-
derstanding of the dynamics and consequences of landscape
transformations. We focus our review on coffee-growing re-
gions of Mexico, Central America, and the Andean countries
of Colombia, Peru, and Ecuador, as these coffee-growing re-
gions share similar coffee production systems. Using expert
knowledge and available literature, we highlight the major
land-use trends occurring in coffee landscapes in response to
coffee leaf rust, low prices, climatic change, increasing produc-
tion costs, and other drivers, and explore some of the potential
consequences of these changes on the social, economic, and
environmental sustainability of coffee systems. We also identi-
fy key elements of a research agenda that could enable a more
comprehensive understanding of the drivers, dynamics, and
impacts of different landscape trajectories and how these tra-
jectories could either contribute to— or detract from— current
efforts to promote more sustainable coffee landscapes. This
information is critical for informing the development of public
and private sector strategies, programs, and incentives to pro-
mote a more sustainable coffee sector (e.g., Millard 2017; ICO
2019; Bager and Lambin 2020; Panhuysen and Pierrot 2020).
2 Methods
We used a two-pronged approach to assess the current state of
knowledge on ongoing landscape transformations in coffee-
growing landscapes and identify key research gaps. First, we
organized an expert workshop at the Alliance of Bioversity
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International and the International Center for Tropical
Agriculture (CIAT) in Cali, Colombia (February 17–20, 2020),
with representatives from coffee institutions, development
NGOs, agricultural extension agencies, farmer organizations, ag-
ricultural research centers, and academia. The experts possessed
long-term experience and deep knowledge of one or more coffee
regions in Latin America. Participants included experts from
Mexico, Costa Rica, Nicaragua, Peru, and Colombia, but many
experts also had experience in other countries across the region.
The participants represented a wide range of expertise, including
phytopathology, agroecology, entomology, plant physiology,
soil science, conservation biology, climate change, market value
chains, and political ecology. During the workshop, the partici-
pants discussed changes in the coffee sector and drivers of coffee
landscape change, identified biophysical changes that had oc-
curred (or were ongoing) within different coffee regions during
the last two decades, and explored the known socioeconomic and
ecological impacts of these landscape-level changes. They also
identified knowledge gaps and research needs.
Second, we conducted a detailed literature review (pri-
marily of scientific literature, but also of grey literature from
key national-level coffee organizations, national research
centers, and the International Coffee Organization) to find
examples of the key landscape trajectories identified in the
workshop and to identify the main knowledge gaps. Our
literature review centered on publications on landscape
change in coffee-growing regions during the last 20 years
(2000–2020); however, because there is often a delay be-
tween research and publication, some of the publications
included also provide information on landscape and manage-
ment changes observed in the late 1990s.
In our focus region (northern and Andean Latin
America), coffee is a major land use, covering more than
2.8 million ha of land (Table 1). Most of the farmers culti-
vate Arabica coffee, which represents ~94% of the coffee
area grown, in mountainous areas, often on steep slopes.
Coffee production is the livelihood of an estimated 1.68
million farmers in the region, the majority of whom are
smallholders (Table 1). Coffee has consistently played an
integral role in the region’s economy, serving as a critical
source of income generation and employment for millions of
people (in coffee production, harvesting, processing, and
retail) and contributing between 0.3 and 3.7% of countries’
gross domestic product (Table 1).
Fig. 1 Photographs illustrating
the current land use and ongoing
transformation of coffee farms
and landscapes across Latin
America: a) a typical smallholder
coffee farm in Yoro, Honduras,
where coffee is grown in small
plots under a sparse canopy of
bananas and shade trees; b) a
landscape dominated by intensive
coffee production with highly
managed shade in Los Santos,
Costa Rica; c) coffee leaf rust, a
disease which has caused
widespread damage to coffee
plantations and led farmers to
replace traditional coffee varieties
with disease-resistant varieties; d)
an example of an intensified
coffee farm in the lowlands of El
Salvador, with coffee grown in
open sun and with irrigation; e) a
landscape in Colombia’s coffee
zone where some coffee fields
have been converted to pasture
and other agricultural land uses;
and f) a landscape in Risaralda,
Colombia, where coffee
agroforests and forests have been
cleared to establish new coffee.
Photo credits: Milagro Sandoval
(a), Jose Mario Cardenas (b),
Alyssa Pritts (c), Jacques Avelino
(d), ©2009CIAT/Neil Palmer (e),
Inge Armbrecht (f).
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We excluded Brazil from our analysis because its cof-
fee production is distinct from that of the target region
(Canet Brenes et al. 2016; Volsi et al. 2019). Contrary
to its production in northern and Andean Latin America
where coffee is grown at high elevations and shade trees
are common, Brazilian coffee is primarily grown under
full sun, on less steep slopes, and is intensively produced,
often with mechanization and irrigation (Jha et al. 2014;
Volsi et al. 2019). We also excluded Venezuela, Bolivia,
and Panama from the analysis, due to the limited coffee
production occurring in these countries and the relatively
limited information on their coffee sectors.
3 Land-use dynamics in coffee-growing
regions
Our analysis suggests that there are at least seven major types
of farm and landscape-level changes across northern and
Andean Latin America that are reshaping the spatial configu-
ration and makeup of coffee-growing landscapes in divergent
ways (Table 2). These trends in land-use change are not nec-
essarily mutually exclusive and may occur simultaneously in
the same landscape or region. In addition, two of the trends
(conventional intensification and increased in the area of cof-
fee produced under voluntary sustainability standards) affect
shade levels and agrochemical use in opposite ways.
The first landscape trend is that coffee farmers are actively
changing the coffee varieties they grow, replacing traditional
Arabica varieties (such as Bourbon or Typica) with high-
yielding, introgressed coffee varieties (e.g., Catimores or
Sachimors) that have been bred to be resistant to coffee leaf
rust (Avelino and Anzueto 2020). Following the devastating
coffee leaf rust outbreaks, national governments, coffee insti-
tutions, and the coffee industry have made concerted efforts to
restore production by replanting affected plantations with re-
sistant varieties, distributing resistant coffee plants, and pro-
viding technical support, agricultural inputs, and credit
schemes to help cover farmers’ renovation costs (Valencia
et al. 2018; Amico et al. 2020; Wiegel et al. 2020). For exam-
ple, in response to the 2008 outbreak in Colombia, the
National Federation of Coffee Growers began a national cam-
paign, “Colombia sin roya” (or “Colombia without coffee leaf
rust”), that replanted an estimated 45% of the country’s total
coffee area with resistant Castillo cultivars (van der Vossen
et al. 2015). In Honduras, renovation efforts increased the
country’s area of coffee planted with resistant cultivars from
40 to 62%, though some of these so-called resistant cultivars
(e.g., ‘Lempira’) have recently been shown to be losing resis-
tance (Avelino and Anzueto 2020). In contrast, renovation in
El Salvador has been much slower and more than 50% of the
coffee area is still planted with susceptible varieties (Avelino
and Anzueto 2020). Although there are no statistics on the full
extent and distribution of resistant cultivars across the region
(see Table 2 for available country-level information), many
hundreds of thousands of hectares of affected coffee planta-
tions have been replanted with resistant cultivars over the last
decade. This large-scale replanting has transformed the struc-
ture and composition of many coffee landscapes and, in some
cases, has reduced the extent and diversity of shade trees with-
in coffee fields, simplifying landscape structure (Jha et al.
2014; Perfecto et al. 2019).
A second trend is that many coffee farmers are continuing
to intensify the management of existing Arabica coffee
fields in an effort to obtain higher yields, reduce labor costs,
and control pest and disease outbreaks (Table 2). The “con-
ventional intensification” of coffee production involves re-
ducing, simplifying, or eliminating shade and increasing the
planting density of coffee plants and the use of pesticides,
fertilizers, and fungicides (Perfecto et al. 1996, 2019; Rice
1999; Guhl 2008). From the 1970s onwards, there has been
a steady loss of diverse shade-grown coffee systems and
their replacement by simplified shade systems or sun-
grown coffee, with nearly 50% of shade coffee farms in
Latin America converted to low-shade systems between
1970 and 1990 (Perfecto et al. 1996, 2019; Rice 1999; Jha
et al. 2014). Shade-grown coffee systems are continuing to
be lost in certain countries. For example, from 1996 to 2012,
the percent of coffee area under traditional, diverse shade
fell in El Salvador (from 92 to 24%), Nicaragua (from 55
to 25%), Guatemala (from 45 to 40%), and Costa Rica (from
10 to 0%; Jha et al. 2014 supplementary materials).
However, during the same time period, shade levels in
Colombia stayed more or less stable (~30%), and the percent
of coffee under shade increased in Honduras (from 15 to
35%) and Mexico (from 10 to 30%; Jha et al. 2014, supple-
mentary materials). In Costa Rica, almost all coffee is now
grown either under simplified shade systems (in which trees
are frequently pruned) or in open sun (Jha et al. 2014) with
intensified management (Blackman and Naranjo 2012).
Comprehensive data on the extent and distribution of inten-
sified coffee production for the region, especially informa-
tion on the density, composition and diversity of shade trees,
and levels of agrochemical use, are either lacking or out of
date (e.g., Rice 1999). In some landscapes, the rapid shift
from high-yielding resistant varieties is leading to further
intensification of coffee production, as farmers often plant
the new varieties under little or no shade and apply heavy
doses of agrochemicals (Perfecto et al. 2019; Amico et al.
2020). For example, smallholder farmers in both Guatemala
(Bielecki and Wingenbach 2019) and in Chiapas, Mexico
(Valencia et al. 2018) who previously produced organic cof-
fee under diversified, dense shade, have recently switched to
resistant varieties and started applying synthetic fertilizers
and pesticides in an attempt to control pests and diseases
and increase yields.
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In regions where coffee production is increasingly difficult
or unprofitable, a third trend is that coffee farmers are either
abandoning their coffee plantations or converting some or all
of their coffee fields to other land uses (Table 2). For many
smallholder coffee farmers, coffee farming is no longer eco-
nomically viable, as low coffee prices make it difficult to
cover the high costs of labor, fertilizer, and other inputs need-
ed to sustain coffee production (Blackman et al. 2005; van der
Vossen 2005; Panhuysen and Pierrot 2020). Rising tempera-
tures and coffee leaf rust outbreaks have also impacted coffee
production, reducing yields and farmer incomes even further
(ICO 2019; Panhuysen and Pierrot 2020). In these circum-
stances, many farmers are abandoning their coffee or
converting them to other land uses in an attempt to restore
farm productivity. For example, 42% of the coffee farmers
in the Chinantla subregion of the Sierra Norte de Oaxaca,
Mexico, abandoned their coffee agroforests or converted them
to another land use from 1990 to 2010, due to low coffee
prices, low yields, and other stressors (Hite et al. 2017).
Similarly, the area under coffee in Turrialba, Costa Rica, de-
creased 7% annually from 2000 to 2009, as farmers replaced
coffee with crops such as vegetables or sugarcane
(Bosselmann 2012). In the community of Emiliano Zapata
in Central Veracruz, Mexico, coffee farmers have converted
a portion of their farm to sugarcane and also planted lime trees
to diversify their income sources (Hausermann 2014). In some
low-elevation regions of Peru and Colombia, the combination
of declining coffee prices and disease outbreaks has led
farmers to replace some or all of their coffee plantations with
the cultivation of illegal crops such as coca leaves, which are
more profitable (Rettberg 2010) or temporarily abandon cof-
fee production and move to coca-producing areas (Grisaffi
Table 2 A summary of biophysical trends in coffee farms and landscapes across northern and Andean Latin America, with examples of identified
trends at the national and local levels. (Additional details on the papers highlighted here can be found in Supplementary Table 1).
Trend Papers highlighting these trends
1. Replacement of traditional Arabica
varieties by introgressed varieties
that are resistant to coffee leaf rust
National-level examples: Colombia (van der Vossen, 2005); Ecuador (INEC 2019); Guatemala (Bunn
et al. 2019); Honduras (Avelino and Anzueto 2020; Wiegel et al. 2020); Mexico (Amico et al. 2020;
USAD FAS 2020h); Peru (Romero 2020)
Case studies: Copán, Honduras (Ward et al. 2017); La Sepultura, Mexico (Valencia et al. 2018)
2. Conventional intensification of coffee
production, involving a reduction
in shade levels, increased use of
agrochemicals and greater
density of coffee bushes
National-level examples: Costa Rica (Jha et al. 2014); Colombia (Jha et al. 2014); El Salvador
(Blackman et al. 2012; Jha et al. 2014); Guatemala (Jha et al. 2014, Bielecki and Wingenbach 2019);
Nicaragua (Jha et al. 2014); Mexico (Amico and Paz-Pellat 2018)
Case studies: La Sepultura, Chiapas, Mexico (Valencia et al. 2018); SanMartin, Peru (Jezeer et al. 2019)
3. Abandonment of coffee fields and
conversion of coffee plots to other
land uses
National- level examples: Colombia (Rueda and Lambin 2013a, 2013b; Portafolio 2018); Guatemala
(Schmitt-Harsh 2013; Baumeister 2017); Peru (USDA FAS 2020a)
Case studies: Municipality of Zozocolco in Veracruz, Mexico (Ellis et al. 2010); Emiliano Zapata in
Central Veracruz, Mexico (Hausermann 2014); Central Veracruz, Mexico (Hausermann 2014);
Southern Guatemala (Haggar et al. 2013); The Chinantla subregion of Sierra Norte de Oaxaca,
Mexico (Hite et al. 2017); Veracruz, Mexico (Eakin and Webbe 2009); Agua Buena district, Costa
Rica (Babin 2020); Turrialba, Costa Rica (Bosselmann 2012)
4. Expansion of coffee into forested areas,
leading to deforestation
National-level examples: Honduras (Bunn et al. 2018); Amazonian regions of Ecuador and Peru
(Somarriba and López Sampson 2018); Guatemala (Bunn et al. 2019)
Case studies: The San Martin region of Peru (Marquardt et al. 2019); Amazonian departments in Peru
(Ganzenmuller and Castro Nuñez 2019), The transboundary Trifinio region which spans Honduras,
Guatemala and El Salvador (Schlesinger et al. 2017); Municipalities of El Provenir, Ángel Albino
Corzo, Siltepec and the upper areas of La Concordia in Chiapas, Mexico (Covaleda et al. 2014), La
Sepultura, Chiapas, Mexico (Valencia et al. 2018), Chiapas, Mexico (Cortina-Villar et al. 2012)
5. Introduction of Robusta into new areas
where coffee was previously not grown
National-level examples: Guatemala: (Nicholson and Menchu 2018; VOA 2018), Nicaragua (VOA
2018; Pretel 2018), Mexico (Aceves Navarro et al. 2018), Colombia (Portafolio 2017)
Case studies: The Autonomous Region of the South Atlantic of Nicaragua (Nicholson and Menchu
2018), Nueva Guinea, Nicaragua (Bjørge 2017), The Pacific slope of the Sierra Madre mountain
range, Mexico (Amico et al. 2020), Southern Chiapas, Mexico (Barrera 2016)
6. Urbanization of coffee areas National-level examples: Costa Rica (Filho et al. 2008, Jha et al. 2014), El Salvador (Blackman et al.
2012)
Case studies: Veracruz, Mexico (Hausermann 2014); Pereira, Colombia (Portafolio 2018)
7. Increase in the coffee area grown under
voluntary sustainability
standards, with related changes in shade
levels and/or on-farm forest cover
Case studies: Santander, Colombia (Rueda and Lambin 2013a, Rueda et al. 2015), Costa Rica,
Guatemala and Nicaragua (Haggar et al. 2015)
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and Farthing 2021). Other examples include the conversion of
coffee fields to sugarcane production (Tucker et al. 2010;
Bosselmann 2012; Hausermann 2014), rubber (Haggar et al.
2013), cacao (Marquardt et al. 2019), fruit trees (Hausermann
2014), vegetable production (Bosselmann 2012), pastures
(e.g., Ellis et al. 2010; Haggar et al. 2013; Babin 2015), and
secondary forests (Eakin and Webbe 2009; Hite et al. 2017).
While the abandonment and conversion of coffee to other land
use are widespread and have gained significant media attention
(e.g., Nicholson 2014; Semple 2019; Terazono et al. 2019), de-
tails on the extent and distribution of coffee abandonment and
conversion, and how the overall structure and composition of
coffee landscapes is changing, are generally lacking.
A fourth trend is that while the area under coffee is contracting
in many regions, coffee production is also expanding into new
areas previously under forest (Table 2), driven in part by the
growing local and global demand for coffee (ICO 2019).
Although there is surprisingly little information on the extent to
which coffee is driving deforestation (Panhuysen and Pierrot
2018), there is evidence that coffee expansion is contributing to
deforestation in certain regions, including the Chiapas and
Oaxaca regions of Mexico (Blackman et al. 2005; Covaleda
et al. 2014; Valencia et al. 2018), the Amazonian regions of
Ecuador and Peru (Ganzenmuller and Castro Nuñez 2019;
Marquardt et al. 2019), and the Trifinio transboundary area of
El Salvador, Guatemala, and Honduras (Schlesinger et al. 2017).
For example, in the Department of San Martin, Peru, the area
under Arabica coffee production tripled to an estimated
102,101 ha between 1995 and 2010, largely at the expense of
primary forest (Marquardt et al. 2019). The encroachment of
coffee on forest areas is expected to intensify in the future, as
optimal locations for coffee production will move up in elevation
under climate change (Baca et al. 2014; Bunn et al. 2015). Since
many Arabica coffee-growing regions are adjacent to forests or
protected areas (e.g., in El Salvador, 72% of the protected areas
are within a 10-km radius of coffee-growing areas; Jha et al.
2011), any upward shifts in coffee production could encroach
on remaining forest areas and lead to biodiversity loss, if these
areas are not adequately protected.
The fifth shift in coffee-landscapes is the recent intro-
duction of Robusta coffee (Coffea canephora) in some
countries including in areas that have no coffee-growing
history. With the exception of Mexico and Guatemala,
where Robusta coffee has been grown for decades on a
limited scale, coffee production in northern and Andean
Latin America has historically centered on the planting of
Arabica coffee. To protect their reputations as providers
of high-quality (Arabica) coffee, Costa Rica, Honduras,
and Nicaragua have historically banned the production
of Robusta coffee (Pretel 2018) and other countries (such
as Colombia) have strongly discouraged Robusta produc-
tion (Nicholson and Menchu 2018). Some of these
Robusta bans have been recently lifted (in 2013 in
Nicaragua, and 2018 in Costa Rica; Pretel 2018), opening
up the door for Robusta production, though there is still
resistance among some of the coffee-growing organiza-
tions. Robusta coffee is a high-yielding species that gen-
erally produces lower quality (and lower value) coffee, is
less susceptible to coffee leaf rust, and able to tolerate
hotter temperatures, a characteristic that is increasingly
desirable given the rising temperatures across the region
(Bunn et al. 2015). As a result, Robusta coffee can be
grown in lower elevations that are marginal for Arabica
production. While it is unclear to what extent Robusta
will spread across the region, recent news reports indicate
that farmers in Mexico, Nicaragua, and Guatemala are
being encouraged to plant Robusta in new areas
(Nicholson and Menchu 2018; VOA 2018). For example,
in Mexico, the government is supporting the establish-
ment of an additional 20,000 ha of Robusta coffee in the
southern and southeastern states of Chiapas, Veracruz,
and Tabasco (Aceves Navarro et al. 2018). This expan-
sion is mainly into lowland areas where coffee has previ-
ously not been grown, leading to deforestation, but in
some areas of Chiapas, Robusta coffee is being planted
in areas that were previously under Arabica coffee
(Barrera 2016; Amico et al. 2020). In Nicaragua, the cof-
fee industry started testing the suitability of Robusta cof-
fee in the Autonomous Region of the South Atlantic
(Bjørge 2017; Nicholson and Menchu 2018) in 2005 and
had planted Robusta on nearly 900 hectares by 2016
(Bjørge 2017). A recent Nicaraguan law allows the pro-
duction of Robusta in all regions of Nicaragua lower than
400 masl and in those located more than 30 km from
Arabica plantations (Gonzalez 2016), setting the stage
for further Robusta expansion. In Colombia, Robusta
coffee is being tested in different regions of the country
where Arabica is not grown, but has not yet been
planted at scale (Portafolio 2017).
A sixth trend is the increasing urbanization of coffee land-
scapes, especially near major cities. A key example is the
Central Valley of Costa Rica, an area once renowned for its
coffee production, which has now largely been converted to
residential land due to population growth within the metropol-
itan area (Jha et al. 2014). A study by Filho et al. (2008) found
that the area under coffee in Costa Rica declined 20% from
2001 to 2008, in large part due to urbanization and conversion
to pasture. Urbanization has also accounted for 90% of the
loss of coffee fields in the western region of El Salvador be-
tween 1990 and 2000, and 68% of the clearing in the central
region (Blackman et al. 2007). The loss of coffee areas to
residential and urban areas has also been reported in the tradi-
tional coffee triangle area in Colombia (e.g., Manizales,
Pereira; Portafolio 2018; Muñoz-Rios et al. 2020), the
Bosquete and Chiriqui regions of Panama (Jha et al. 2014),
Guatemala (Jha et al. 2014), and parts of Mexico
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(Hausermann 2014), but is likely also occurring in other
coffee-growing regions near urban centers.
A seventh and final trend that is affecting coffee landscapes
is the increase in the coffee area that is being managed under
voluntary sustainability standards (VSS), which has the po-
tential to affect the presence of shade trees and forest cover
within coffee farms and landscapes. The global area of coffee
grown under voluntary sustainability standards — which in-
clude both independent, third party certifications (such as
Fairtrade, Organic, Rainforest Alliance, 4 C, and UTZ) and
private industry standards (such as Starbuck’s C.A.F.E prac-
tices and Nestle’s Nespresso AAA programs) — has grown
significantly in recent years, increasing 78% from 2011 to
2016 (Lernoud et al. 2018). Latin America (including
Brazil) currently provides the majority of the world’s certified
coffee, accounting for 72% of the 4C-certified coffee area (in
2016), 67% of the UTZ-certified area (2016), 46% of the
organic certified area (2016), 64% of the Rainforest
Alliance-certified areas (2016), and 55% of the Fair-trade-
certified coffee area (2015; Lernoud et al. 2018). Market
trends indicate that the area under VSS-compliant coffee in
the region is continuing to increase (Lernoud et al. 2018;
Meier et al. 2020), though uptake varies by country and within
different regions of individual countries (Lernoud et al. 2018;
Grabs et al. 2016).
The growth of VSS-compliant coffee has the potential to
increase shade tree diversity, shade density, the extent of for-
est cover, and landscape connectivity within coffee land-
scapes, if standards have strong environmental requirements,
are applied in a rigorous and transparent way, and result in
tangible changes in on-farm tree and forest management
(Milder et al. 2014; Elliott 2018). Most of the sustainability
standards include measures intended to improve the overall
sustainability of coffee production, promote biodiversity con-
servation, and minimize environmental impacts, in addition to
measures to promote social and economic sustainability
(Milder et al. 2014). Ecological principles, criteria, and indi-
cators vary among sustainability standards, but can include the
use of dense and diverse shade trees, promotion of native trees
for shade, protection or restoration of forest areas within cof-
fee farms, maintenance of vegetated riparian buffers, mainte-
nance or restoration of natural ecosystem connectivity, re-
sponsible use of agrochemicals, and adoption of good agricul-
tural practices such as soil conservation, among others (Milder
et al. 2014; Tscharntke et al. 2015; Bray and Neilson 2017).
While the rapid and widespread adoption of certified coffee
production by farmers has the potential to reconfigure coffee
landscapes and transform the ecological, social, and economic
sustainability of coffee production, there are only a handful of
studies that have examined the impacts of certification on the
structure and composition of coffee landscapes in a rigorous
way (Blackman and Rivera 2010; Traldi 2021). One example
is a study by Rueda et al. (2015) that found that Rainforest
Alliance-certified farms in the Santander region of Colombia
had greater tree cover and more diverse tree cover within their
coffee plots than non-certified farms, enhancing the overall
connectivity of tree and forest cover in the landscape. In ad-
dition, certified farmers were more likely to have planted trees
outside the coffee plot and to have protected water sources
through reforestation (Rueda and Lambin 2013b). In Costa
Rica, Guatemala, and Nicaragua, organic coffee farmers had
higher shade levels, a greater number of tree species, and more
tree strata than conventional farms (Haggar et al. 2015). Other
studies show mixed impacts of certification on the composi-
tion of coffee farms and landscapes. Blackman and Naranjo
(2012), for example, found the organic coffee production by
Costa Rican farmers reduced the use of chemical pesticides,
fertilizer, and herbicides, but had no significant impact on the
use of shade trees or windbreaks. Similarly, Haggar et al.
(2017) found variable impacts of certification on the shade
tree diversity, species richness, number of tree strata, and den-
sity in Nicaragua coffee farms, with some aspects being better
on certified farms and others showing no impact of certifica-
tion. Overall, the extent to which certification impacts the
biophysical structure and composition of coffee landscapes
is still unclear and merits more vigorous investigation (Bray
and Neilson 2017), given the widespread (and growing) area
of coffee produced under voluntary sustainability standards.
4 Potential ecological, social, and economic
consequences of ongoing landscape changes
The rapid and pervasive biophysical changes in coffee farms
and landscapes are likely to have significant social, economic,
and ecological impacts across the region, both positive and
negative (Table 3). However, in most cases, there is insuffi-
cient information on what these impacts are or how these
impacts may vary in different landscape contexts with differ-
ent biophysical and socioeconomic characteristics. Here we
briefly highlight some of the potential impacts of major trans-
formations in coffee-growing landscapes which require great-
er attention and research.
Of the seven major changes identified above, the intensifi-
cation of coffee plantations (with less shade, more densely
planted coffee bushes, and greater agrochemical use) is the
landscape change that has been most closely examined in
terms of its potential social, economic, and ecological benefits
and risks (e.g., Perfecto et al. 1996, 2019; Rice 1999; Jha et al.
2014). Coffee intensification has significantly increased crop
yields and coffee productivity per hectare within coffee farms
(Guhl 2008). In some regions, the intensification of coffee
production has also enabled farmers to decrease the overall
area planted with coffee (as they can produce more coffee on
less land), making land available for new agricultural crops
and diversifying the composition of coffee landscapes (Guhl
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2008). However, the overall impact of intensification on farm-
er income, livelihoods, and well-being is uncertain due to the
high demand for labor and inputs (which are costly), the need
to more frequently renovate coffee plantations due to the
shorter lifespan of coffee bushes under intensive management,
and the homogenization of coffee farming systems and land-
scapes which makes farmers more vulnerable to soil degrada-
tion and climatological or ecological shocks (Rice 1999; Jha
et al. 2014; Perfecto et al. 2019). Reductions in the diversity
and density of shade trees (especially fruit trees) may also
exacerbate food insecurity among smallholder farmers, who
harvest fruits to supplement their diets and use on-farm trees
as firewood for cooking (Rice 2008; Anderzén et al. 2020).
The simplification and loss of shade cover within intensified
systems also significantly reduce the value of coffee land-
scapes for biodiversity conservation and for ecosystem service
provision by reducing habitat and resource availability and
disrupting landscape connectivity (Perfecto et al. 1996;
Moguel and Toledo 1999; Somarriba et al. 2004).
The ongoing expansion of coffee produced under voluntary
sustainability standards clearly has the potential to have signifi-
cant ecological, social, and economic impacts on coffee farms
and livelihoods across northern and Andean Latin America, as
voluntary standards programs are intentionally designed and im-
plemented to promote socioeconomic and ecological sustainabil-
ity. Voluntary sustainability standards can enhance the sustain-
ability of coffee production by promoting the adoption of good
agricultural practices (including shade management and more
responsible use of agrochemicals); improving coffee productivity
and marketing; enhancing farmer income, health, and liveli-
hoods; promoting sustainable water use; and avoiding or mini-
mizing negative environmental impacts such as deforestation or
forest degradation, among other aspects (Bray and Neilson 2017;
Traldi 2021). However, despite the large and rapidly expanding
literature on the impacts of voluntary sustainability standards, in
particular third-party certification (e.g., Bacon et al. 2008;
Blackman and Naranjo 2012; Haggar et al. 2015, 2017), the
evidence on ecological, social, and economic outcomes of
Table 3 A summary of the patterns, potential drivers, potential social
and ecological impacts, and mediating factors of land change in coffee-
growing regions of northern and Andean Latin America. The specific
relationships between different land-use changes, drivers, impacts, and
mediating factors are not yet known and require additional research.
Major transformations of
coffee-growing regions
1. Replacement of traditional Arabica coffee varieties with high-yielding, resistant varieties
2. Conventional intensification of coffee production, including the reduction, simplification, or elimination of
shade, increased planting densities and increased use of agrochemicals
3. Abandonment of coffee fields and/or conversion of coffee to other agricultural land uses
4. Expansion of coffee production into forested areas, leading to deforestation
5. Introduction and expansion of Robusta coffee
6. Urbanization of coffee-growing regions
7. Increased area of coffee produced under voluntary sustainability standards
Potential drivers of landscape
change
Economic drivers: low and volatile coffee prices, high input prices, high labor costs, global market demand and
supply, economic impacts of COVID-19
Biophysical drivers: climate change, extreme weather events, coffee leaf rust, other pest, and disease outbreaks
Social drivers: aging of coffee farmers, changing importance of coffee within farmer livelihood strategies,
shortages of labor, migration, rural conflict
Policy drivers: certification processes, growing demand for VSS- compliant coffee, increased demand for
specialty coffee, government programs and policies for renovation of coffee plantations, subsidies and
fertilizers, private investment, certification processes, sustainability initiatives
Potential impacts of landscape
changes
Ecological impacts: biodiversity loss, changes in tree and forest cover on agricultural land, changes in
deforestation patterns and associated GHG emissions, soil erosion, changes in forest extent, structure and
connectivity, changes in farm and landscape carbon stocks, changes inGHG emissions (from coffee production
and deforestation), impacts on ecosystem services (e.g., water, pollination, pest regulation, slope stabilization),
contamination of water and soil by fungicides, pesticides, and synthetic fertilizers, changes in the incidence and
type of pests and diseases
Socioeconomic impacts: changes in farmer food security and nutrition, changes in household income and poverty
levels, changes in coffee yield and quality, shifts in livelihood strategies, changes in the relative importance of
coffee to farmer livelihoods, impacts on provision of fruits, firewood, timber, and other products for household
use and sale, more families engaging in non-farmwork, rural conflict (due to alternative, illegal land uses), rural
abandonment, increased migration of farmers and coffee laborers to urban areas or other countries, sales of
farmland, changes in the adaptive capacity of coffee farmers
Mediating factors Farm size, land tenure and property rights, proximity to roads and markets, slope and elevation, quality of the
coffee-production region, coffee management system, land availability, farmer experience and education,
membership in coffee cooperatives, remittances, participation in certification schemes, technical assistance,
government and non-governmental programs to support farmers, cultural factors, farm diversification, private
sector investment
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certification is inconclusive, and certification outcomes often ap-
pear to be specific to the contextual and institutional setting or
specific certification program implemented (DeFries et al. 2017;
Traldi 2021). A review of the impacts of coffee certification
programs on smallholder livelihoods, for example, found that
while some studies clearly enhance livelihood assets among cer-
tified coffee farmers, many studies found either neutral or mixed
impacts and a small number even reported negative outcomes
(Bray andNeilson 2017). Similarly, a review of the sustainability
outcomes of certification of coffee and other tropical agricultural
commodities found 34% of the response variables were signifi-
cantly positive, 58% not significant, and 8% significantly nega-
tive (DeFries et al. 2017). Clearly there is a need for more studies
on how VSS-compliant coffee affects the structure and compo-
sition of coffee landscapes, and influences the economic, social,
and economic sustainability of coffee farms and landscapes,
using more robust scientific methods that account for self-
selection bias (i.e., producers alreadymeeting environmental cer-
tification criteria tend to disproportionately obtain certification,
Bray and Neilson 2017), include reliable baseline data (to allow
for the comparison of conditions before and after certification),
and include realistic control groups (Ibanez and Blackman 2016;
Bray and Neilson 2017).
The impacts of the ongoing conversion of hundreds of thou-
sands of hectares of coffee plantations with high-yielding resis-
tant varieties are also unknown. The rapid shift to varieties that
are resistant to coffee leaf rust has been critical for recovering
coffee production across the region, has greatly reduced the risk
of harvest loss, and has enabled coffee farmers and laborers to
maintain their livelihoods despite the continued presence of cof-
fee leaf rust (Avelino and Anzueto 2020). Other benefits of the
resistant varieties include significant increases in coffee produc-
tion and savings in fungicide use (Avelino and Anzueto 2020).
However, since the new varieties are often (but not always)
established with little or no shade and require increased use of
fertilizers, their adoption could result in a loss of tree cover and
the increased contamination of water, with potential negative
outcomes for biodiversity and ecosystem services (Jha et al.
2011, 2014; Amico et al. 2020). However, studies on the long-
term environmental and social impacts of these changes across
the region are not yet available.
The amount of natural forest that is being lost to coffee
expansion is not known. Considering that coffee is grown in
some of the world’s most important biodiversity hotspots, the
clearing of additional forest for coffee production will un-
doubtedly threaten biodiversity and disrupt the provision of
key ecosystem services (Perfecto et al. 1996; Jha et al. 2011).
Coffee-driven deforestation will also result in the release of
significant amounts of carbon dioxide into the atmosphere,
contributing to climate change (Miles and Kapos 2008).
Impacts of the recent introduction of Robusta coffee to new
areas in Nicaragua, Mexico, and other regions are equally
unclear. On the one hand, Robusta could provide a critical
livelihood opportunity for smallholder farmers who live in
areas which are currently unsuitable for Arabica cultivation
or will become unsuitable for Arabica in the future (Bunn
et al. 2015; Nicholson and Menchu 2018). Climate models
suggest that the suitable areas for Arabica production in
Latin America may be reduced 73–88% by 2050 across dif-
ferent climate scenarios unless adaptation measures are quick-
ly put in place (Imbach et al. 2017), so Arabica coffee may be
replaced with Robusta in certain areas in the future. If Robusta
coffee replaces subsistence crops (as is happening in parts of
Nicaragua, Bjørge 2017), it may impact household food secu-
rity strategies and potentially affect farmer resilience to cli-
mate change and other shocks. The potential impacts of
Robusta production on biodiversity conservation, ecosystem
service provision, and carbon stocks will depend largely on
what land use it replaces and how the Robusta systems are
managed. Although Robusta is often cultivated with little or
no shade, a recent meta-analysis of the impacts of shade on
Robusta cultivation found that shade trees can positively im-
pact growth and yields of Robusta coffee plants, but that the
effects of shade vary based on the type of clone planted and
the plant age (Piato et al. 2020).
Finally, in areas where coffee is being converted to other
agricultural land uses (e.g., pastures, sugarcane, vegetable pro-
duction, cocoa, citrus) or urban areas, the impacts of these chang-
es will depend on what specific land use replaces coffee and how
this land use affects the overall structure, composition, and func-
tion (e.g., hydrological) of the landscape. The specific land-use
transitions can affect the potential economic profitability of the
crop, farmer income levels, labor and input requirements, and
whether or not families can continue to make a living from their
farm or whether they need to shift to other livelihood strategies,
including migration and off-farm work (Hausermann 2014;
Bielecki and Wingenbach 2019). If coffee is converted to illegal
crops, this shift can also potentially lead to social conflict, as has
occurred in certain areas of Colombia where the conversion of
coffee to coca production has led to increased violence (Rettberg
2010). The specific type of land-use conversion will also deter-
mine changes in on-farm tree cover, in landscape carbon stocks,
GHG emissions, pesticide use, and agrochemical contamination
of water and soils (Haggar et al. 2013). More detailed informa-
tion on the specific land-use transitions — and whether these
changes are permanent or reversible — is needed to better un-
derstand these impacts.
5 A research agenda for understanding
the drivers, patterns, and potential outcomes
of land-use change and informing coffee
sustainability policies and practice
Our review shows that coffee-growing regions across northern
and Andean Latin America are undergoing rapid and
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profound transformations, with hundreds of thousands of
hectares undergoing changes in coffee varieties, management
of shade and inputs, and/or land use. However, information on
how, where, and why these changes are occurring, and what
the consequences of these changes will be, is extremely
scattered and incomplete. Without a more detailed under-
standing of the rate, magnitude, distribution, and conse-
quences of biophysical changes in coffee landscapes, it is
difficult to know which of these landscape trajectories are
beneficial for rural livelihoods, biodiversity conservation, cli-
mate change mitigation and adaptation, and sustainable devel-
opment more broadly, and what types of policies, programs,
or investments may be needed to promote sustainable coffee
landscapes. Here we propose five priority research areas that
could greatly enhance our understanding of the dynamics and
consequences of changing coffee landscapes in the region and
help inform both public and private-sector efforts to enhance
coffee sustainability.
First, there is a need to better understand the extent, distri-
bution, rate, and direction of changes in coffee farms and
landscapes and to identify the hotspots where rapid and exten-
sive landscape change is occurring and where interventions
may be needed. More comprehensive data is needed on both
the current distribution, structure, and composition of coffee
farms and landscapes (so that there is a consistent baseline
from which to measure change) and on the types, rates, and
magnitude of landscape change. In particular, more robust
information is needed on where coffee production is
expanding or contracting, which land uses are replacing coffee
(or are being replaced by coffee), where shade cover in coffee
plantations is being removed or simplified, where compliance
with voluntary sustainability standards are changing on-farm
tree and forest cover, where Robusta is expanding, where
coffee production is leading to deforestation, and how the
structure and composition of coffee-growing farms and land-
scapes are changing (Blackman et al. 2012; Haggar et al.
2013; Schmitt-Harsh 2013; Guhl 2008; Panhuysen and
Pierrot 2018). In addition, it will be important to identify
which of these changes are permanent and irreversible (e.g.,
deforestation to establish coffee plots, or the urbanization of
coffee areas), how quickly coffee landscapes are being trans-
formed, and whether there are time lags in responses to par-
ticular shocks (e.g., coffee leaf rust, falling prices, COVID-19
impacts, long droughts), so that it is easier to anticipate poten-
tial landscape trajectories and their ecological and socioeco-
nomic consequences.
A second research need is to better understand the factors
that drive land-use dynamics in coffee landscapes and how
these factors interact in different socioecological contexts
(Jha et al. 2014). For example, what factors (or combination
of factors) spur the conversion of coffee plantations to other
land uses, drive the expansion of coffee into new areas, or lead
to the replacement of diverse coffee agroforestry systems by
open-sun coffee? Or conversely, what factors lead farmers to
shift from conventional intensified production to diversified
shade-grown production? What factors cause some coffee
landscapes to have highly dynamic land use, while others
remain relatively stable even amidst rapidly changing contexts
(e.g., Hausermann 2014)? While low coffee prices, changing
climatic conditions, rising production costs, and coffee leaf
rust are clearly drivingmany of the observed changes in coffee
farms and landscapes, there are many additional factors that
can transform coffee landscapes, including social factors (e.g.,
aging of coffee farmers, migration, limited labor availability,
social conflict), biophysical factors (e.g., altitude, climate fac-
tors, land degradation), economic factors (global coffee de-
mand, certification processes, specialty markets), public poli-
cies and institutions (e.g., coffee renovation programs, coca
substitution programs, technical assistance, support for eco-
system services), and private investment by the coffee sector
(Table 3). The impacts of voluntary sustainability standards
merit particular attention given the large and growing areas
under third-party certification and private standards, and their
potential to significantly impact shade, land use, forest cover,
and coffee management. More information is also needed on
the potential impacts of the rise in specialty coffee production.
It is also important to explore how each of the drivers affects
farmer land-use decisions either individually or in combina-
tion, and in different socioeconomic and ecological contexts
(Bacon et al. 2017). While many of the key drivers are likely
specifically related to the coffee sector, there may also be
broader factors unrelated to the coffee landscapes to consider
(e.g., demographics, urbanization, the COVID-19 pandemic).
A third critical research area is to better understand the
socioeconomic and ecological impacts of the changes in cof-
fee landscapes, including potential impacts on coffee produc-
tion, farmer livelihoods, sustainable development, and the
conservation of biodiversity, soil, and water. Coffee farmers
across the region are already facing multiple socioeconomic
challenges including low-income generation, high poverty
levels, recurring food insecurity, high production costs, limit-
ed access to education and health services, migration of young
male farmers, social conflict, an aging farmer population, and
low adaptive capacity (Morris et al. 2013; Baca et al. 2014;
Bacon et al. 2017; Harvey et al. 2018; Panhuysen and Pierrot
2018), as well as environmental challenges such as the con-
tamination of water by agrochemicals, soil erosion, biodiver-
sity loss, climate change, and deforestation (Jha et al. 2014;
Panhuysen and Pierrot 2018). As discussed in the previous
section, it is not yet clear how the ongoing biophysical chang-
es in coffee landscapes will affect landscape-level social, eco-
nomic, and ecological outcomes. A better understanding of
the types, magnitude, and distribution of both positive and
negative impacts of different landscape changes — as well
as the potential tradeoffs and synergies across different social,
economic, and environmental outcomes — is critical for
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informing ongoing policies, programs, initiatives, and finan-
cial incentives designed to enhance the overall sustainability
of the coffee sector.
A fourth research need is to explore the mediating factors
that explain why the same drivers or set of drivers sometimes
lead to very different outcomes in different landscapes. For
example, why have price shocks in some places led to the
abandonment of diverse, rustic coffee while in other regions,
these systems have persisted despite (or perhaps because of)
shocks (Hausermann 2014)? Why has the adoption of new
rust-resistant varieties led to the elimination of shade in some
areas but not in others? Many potential factors may mediate
the impacts of different drivers or shocks within a given land-
scape (Bosselmann 2012), such as farm characteristics or
management (e.g., topography, farm size, elevation, coffee
varieties, coffee productivity), farmer and household charac-
teristics (e.g., family size, dependence on coffee production,
education levels, market access, off-farm labor opportunities,
migration), and institutional aspects (e.g., technical support,
policies, coffee cooperatives). However, we have little under-
standing of how different factors (or combinations of factors)
affect both the trajectory of change and overall impacts on
farmer livelihoods, rural economies, and the environment
within individual landscapes.
A final research area is the development of innovative model-
ing and analytical methods for the study of these complex socio-
ecological systems, including farm system modeling, landscape
modeling, participatory scenario modeling, agent-based model-
ing, and other approaches (e.g., Parker et al. 2003; Matthews
et al. 2007; Speelman et al. 2014; Johnson and Karlberg 2017;
Meijer et al. 2018; Rahn et al. 2018). These models should (1)
allow the exploration of different scenarios of changes, for in-
stance, in the extent, distribution, and management of Arabica
and/or Robusta coffee, different shade systems, and other land
uses within coffee-growing landscapes; (2) analyze the potential
socioeconomic and ecological outcomes of different farming
systems design and landscape trajectories for different stakehold-
er groups; (3) identify potential tradeoffs and synergies across
different production and landscape goals (e.g., improved farmer
livelihoods, coffee production, climate change mitigation, eco-
system service provision, biodiversity conservation); (4) take into
account both the drivers and mitigating factors affecting land-
scape change; and (5) examine how different interventions
(e.g., policy interventions, market prices, certification premiums,
payments for ecosystem services) are likely to influence the tra-
jectory of a particular coffee-growing landscape and affect its
social, ecological, and economic sustainability. Such scenario-
building and modeling efforts will be critical for helping coffee
institutes, public entities, research organizations, agricultural ex-
tension services, private companies, the financial sector, and oth-
er stakeholders identify which types of interventions are likely to
lead to sustainable landscape trajectories that deliver the desired
environmental and socioeconomic goals, and can be used to
inform the design of effective system designs, policies, and
incentives.
Moving this ambitious research agenda forward will require
greatly improving the availability and quality of biophysical and
socioeconomic data on the region’s coffee farms, landscapes, and
farmers and developing new research and development collabo-
rations. There is an urgent need for comprehensive, spatially
explicit, and up-to-date information on where and how coffee
is grown in each country, with details on farm size, coffee area,
coffee management (e.g., planting density, shade type, agro-
chemical use, Haggar et al. 2013), certification status, coffee
varieties and species, coffee age, yield, and the composition
and structure of coffee landscapes (including information on oth-
er crops, pastures, forests, and residential areas), so that there are
clear baselines against which future landscape changes can be
measured. It is critical that biophysical data on coffee landscapes
is linked to key socioeconomic data regarding coffee farmers and
their livelihoods (e.g., family size, farmer age, level of education,
income levels, participation in certification schemes, participa-
tion in farmer cooperatives, labor use, other crops they cultivate,
non-farming sources of income, the relative importance of coffee
relative to other income sources). This linking allows the explo-
ration of interactions and feedbacks among socioeconomic and
ecological aspects. In order for these data to be useful for deci-
sion-making, datasets should be regularly updated using consis-
tent methodologies so that it is possible to quickly detect changes
in both biophysical and socioeconomic conditions and take the
necessary actions to address any trends that threaten sustainabil-
ity of coffee landscapes and livelihoods.
Some of this spatially explicit data is already available from
national coffee institutes, national government censuses, or
the private sector (which typically have their own proprietary
information on the landscapes where they source coffee from),
but increased cooperation and data sharing are necessary. In
the many coffee-growing landscapes where data is missing,
incomplete, or out-of-date, national-level surveys or censuses
by governments, national coffee institutes, or agricultural ex-
tension agencies could be adjusted to provide the required data
on household, farm, and landscape characteristics and dynam-
ics. Recent advances in remote sensing and machine learning
could also make it easier in the future to track coffee produc-
tion; identify different land uses within coffee landscapes;
monitor changes in landscape structure, composition, and
function; and potentially also characterize shade levels within
coffee fields (Hunt et al. 2020). Long-term research on coffee
landscape structure, patterns, and socioecological processes
could be centered on a network of coffee “sentinel land-
scapes” representing a minimum, but sufficient, set of
socioecological contexts in which a broad range of bio-
physical, social, and economic characteristics and pro-
cesses are monitored using a consistent set of methods
(Dewi et al. 2017). Such research networks would ide-
ally be supported by a broad suite of stakeholders
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(including farmers, agricultural research centers, acade-
mia, public sector organizations, NGO’s, academia, cof-
fee cooperatives, coffee retailers, and other private sec-
tor entities), all of whom stand to benefit from more
sustainable coffee landscapes.
6 Conclusions
Coffee farms and landscapes across northern and Andean
Latin America are undergoing rapid and profound biophysical
changes in response to low coffee prices, coffee leaf rust,
changing climatic conditions, and other factors. Key changes
include the widespread adoption of new rust-resistant varie-
ties, the conventional intensification of coffee production, the
abandonment and conversion of coffee to other land uses, the
expansion of coffee into forested areas, the introduction of
Robusta coffee, the urbanization of coffee regions, and the
increase in the area of coffee produced under voluntary sus-
tainability standards. All of these changes have the potential to
profoundly change the sustainability of the coffee sector in
different ways (both positive and negative), yet, as our review
demonstrates, there is insufficient and scattered information
on how, where, and why different land-use and landscape
changes are occurring, and the ways in which they will affect
coffee production, farmer livelihoods, ecosystem services,
and other aspects of sustainable development. The research
agenda we have laid out aims to address these knowledge gaps
and ensure that governments, the private sector, NGO’s, agri-
cultural technicians, and other stakeholders have the informa-
tion to make strategic and informed decisions about their ef-
forts to promote sustainable coffee systems and landscapes
across the region. It can also inform ongoing sustainability
efforts in other coffee-growing regions across the tropics
which are undergoing some of the same landscape transfor-
mations and grappling with similar sustainable development
and conservation challenges (e.g., Garcia et al. 2010;
Hylander et al. 2013; Millard 2017). While our research agen-
da is ambitious and will require significant investment, it is
critical for better understanding both the current and future
contexts of coffee landscapes and communities, and their con-
tribution to sustainable development. A better understanding
of the drivers, patterns, and outcomes of ongoing landscape
change is vital for steering the global coffee sector towards
landscape trajectories that lead to desirable socioeconomic
and environmental outcomes.
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